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 i  g  h  l  i  g  h  t  s
Recent  results  of  integral  cross  section  measurements  at ASP  obtained  using  high  purity  elemental  are  detailed.
Details  of  the  data processing  tools  and  method  are  included  which  allows  to preserve  reaction  product  decay  information.
C/E plots  for  measurements  taken  for  number  of reactions  and  the European  Activation  File  2010  cross  section  evaluation.
New  integral  data  included  for  Ti-46(n,p)Sc-46m.
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a  b  s  t  r  a  c  t
This  work  presents  new  integral  data  measured  at the  ASP  14  MeV  neutron  irradiation  facility  at  Alder-
maston  in the  UK,  which  has  recently  become  available  for fusion-related  work  through  the CCFE
materials  programme.  Measurements  of reaction  products  from  activation  experiments  using elemental
foils were  carried  out  using  gamma  spectrometry  in  a high  efﬁciency,  high-purity  germanium  (HPGe)
detector  and  associated  digital  signal  processing  hardware.  Following  irradiation  and  rapid  extraction  toeywords:
usion
ctivation
uclear data
the measurement  cell,  gamma  emissions  were  acquired  with  both  energy  and  time  bins.
Integral  cross  section  and  half-life  data  have  been  derived  from  these  measurements.  Selected  integral
cross  section  values  are  presented  from  the  measurement  campaigns.  Details  of the  data  processing
approach  and outputs  generated  are  highlighted  for  measurement  of the 186W(n,2n)185mW  reaction—a
selected  short-lived  reaction  resulting  from  W foil  irradiations;  C/E  results  are  reported  along  with  the
associated  uncertainties  and  compared  using  the SAFEPAQ-II  tool  against  existing  available  data.
he Au© 2013 T
. Introduction
When ranking the importance of technological challenges that
eed to be tackled in order to develop fusion power plants, the
roblem of determining the exact behaviour of materials through
xposure to high intensity, high energy neutrons produced in such
evices is certainly towards, if not at, the top of the list. The absence
f available high energy neutron irradiation testing facilities with
ufﬁciently high ﬂuxes that are needed for material qualiﬁcation
eans that, for now, progress in fusion technology is heavily reliant
n simulations to predict materials performance. Among the range
f material behaviours that need to be assessed are their nuclear
∗ Corresponding author. Tel.: +44 1235466458.
E-mail address: lee.packer@ccfe.ac.uk (L.W. Packer).
920-3796 ©  2013 The Author. Published by Elsevier B.V. 
ttp://dx.doi.org/10.1016/j.fusengdes.2013.05.108
Open access under CC BY-NCthor. Published by Elsevier B.V. 
performance during and after irradiation, which include associated
activation and gas production quantities: activation analysis tools
such as FISPACT and its supporting nuclear data, which are integral
parts of the European Activation System [1,2], currently provide
one of the best routes to do this.
To be able to give assurance in the results of activation calcu-
lations that are required for application to nuclear technologies,
the supporting nuclear data libraries must be validated. The val-
idation exercise that followed the production of EAF-2007 [1] is
the most recent and most complete exercise of this type for an
activation library. It included a comparison of the evaluated dif-
ferential cross section data with integral data for a given reaction
measured over a range of neutron spectra. However, in the work,
which was compiled using the SAFEPAQ-II tool [5,6], only 470
reactions—out of a total of 65,565 reactions in EAF-2007—had both
integral and differential data. A subset of these reactions, 217,
Open access under CC BY-NC-ND license. were described as validated, meaning that the supporting differ-
ential and integral data are in agreement. A larger number of the
remaining reactions had some limited supporting experimental
data, whilst the vast majority of the reactions contained within
-ND license. 
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he library were derived from nuclear model-based codes such as
ALYS [7].
Experimental work carried out at the ASP 14 MeV  irradiation
acility [9] has enabled CCFE to develop the capability to contribute
o the pool of validation experiments that are collected and assem-
led through the international EXFOR [10] database maintained by
he IAEA. Validation experiments are needed to support existing
nd successor nuclear data libraries, such as those included in EASY-
I(12) [12], which is a functional replacement and enhancement to
revious European Activation System releases.
. Experimental activities
A selection of results from two recent experimental campaigns
t the ASP facility are detailed in this paper. Example details are pro-
ided of integral cross sections derived from gamma spectrometry
easurements of activated foils using a calibrated high-purity ger-
anium (HPGe) detector. Elemental foils, typically of 12 mm  diam-
ter and 0.125 mm  thickness, were irradiated with neutron ﬂuxes
t the sample irradiation position of approximately 109 n cm−2 s−1
or irradiation times ranging from a few minutes up to about 1 h,
epending on the experiment. Following rapid extraction of the
oils from the irradiation ﬁeld via a ‘rabbit’ transfer system, gamma
pectra were recorded using a multi-channel analyser (MCA). The
ecorded spectra were typically sub-divided into 5 s time bins to
nable identiﬁcation of and/or separation of interfering gamma
ines on the basis of half-life. Measurements from Al and Fe ref-
rence foils, which were stacked with the foil(s) of interest, were
sed to accurately determine the neutron ﬂuence at the irradiation
osition for each experiment. In addition, two 238U ﬁssion counter
eadings provided a functional check of neutron ﬂuence.
.1. Data acquisition and processing for W irradiation
xperiments
Basic data acquisition for each experiment was managed using
job’ ﬁles—a set of commands stored in a ﬁle that are sent to the
CA  prior to measurement and used to separate gamma  energy
pectra into time bins. The large number of gamma  spectrum ﬁles
enerated over the experimental campaigns meant that processing
y-hand was impractical. In this work it was necessary to also
evelop automatic post-processing schemes that would allow the
omplete set of results to be analyzed in an efﬁcient manner. For
xample, the scheme calculates decay-corrected activities based on
he entire measurement history needed for cross section calcula-
ions, which are preferable to activities based on a time integrated
ingle peak measurement.
Here, an illustration is made by presenting data that was
ecorded for one of the W irradiation experiments. Fig. 1 shows a
ime integrated gamma  energy spectrum for a W irradiation, over
oth the entire 2 MeV  energy range, and, at higher image resolu-
ion, the low energy portion of the spectrum up to 200 keV. One can
learly see the peaks that are associated with the 185mW reaction
roduct. Also evident in the low energy region of the spectrum is
 gamma line at 170.4 keV from the 27Mg  product due to activa-
ion of the Al reference foil, that was used (along with a Fe foil) to
etermine the experimental neutron ﬂuence, and some Pb X-rays
riginating from the detector shielding.
A post-processing code was developed to read and manipu-
ate the data contained within each spectrum ﬁle. This code was
xtended and modiﬁed so that it could analyze the sequence of
pectra ﬁles produced by the job ﬁles for a given experiment, and
rack the evolution of a particular peak of interest. For a speciﬁed
eak and sequence of spectra ﬁles, the code takes, as a user-input,
arious parameters, including: the number of channels in eachFig. 1. Gamma  energy spectrum, in keV, measured shortly after a W foil neutron
irradiation.
spectrum; the initial and ﬁnal measurement times to analyze, as
well as the interval between each spectrum; and the peak energy
and intensity for the gamma line of interest taken from the EAF
decay library. For the W experiment shown in Fig. 1 it is possible to
track the decay of the 185mW reaction product for the 132 keV line
over the duration of the measurement. This is shown in Fig. 2. The
EAF-2007 decay data half-life value of 100 s for 185mW gives a good
ﬁt to the majority of the data. The outlying data point shown for the
ﬁrst time bin was excluded from the ﬁtted line. An outlying data
point was  observed for the ﬁrst time bin in several other experi-
ments as well. Whilst the data could be a real effect, it is perhaps
more likely that some small PC–MCA communication timing issues
at the start of the aquisition period exist, but this requires more
investigation. Either way, this illustrates the beneﬁts of the time-
bin approach over the use of time-integrated measurements—in
the latter case the anomalous data at the start of counting would
have un-knowingly been included.
The code stores and uses recorded experimental parameters
and, for each gamma  spectrum, automatically calculates peakFig. 2. Activity as a function of time for the 185mW reaction product, derived from
a  gamma  line measurement at 132 keV measured shortly after neutron irradiation
of a W foil. The A0 value shown gives the decay corrected activity to the end of the
irradiation period, which has been derived from the ﬁtted line. A half-life of 100 s,
taken from the EAF-2007 library, was used in the exponential ﬁt.
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or example). Integral cross sections for reactions are calculated
rom the activity using standard activation techniques. The neu-
ron ﬂux was derived using EAF-2010 cross sections associated with
tandard reference foils, Al and Fe, and the calculated facility neu-
ron spectrum at the irradiation position. In the case of experiments
xhibiting multiple pathways to an identical reaction product, reac-
ions are currently noted as summed reactions. Development plans
or the code include separating summed reactions into individual
omponent reactions using FISPACT pathway analysis.
Fig. 3 shows a C/E plot for the 186W(n,2n)185mW reaction. C/E
lots have been used as part of the evaluation and validation pro-
esses used to produce the EAF data libraries. The activity of a
easured nuclide is compared with a calculated value using the
ibrary data. The reaction producing the nuclide is identiﬁed and
ts average cross-section in the neutron spectrum is used as E. Sim-
larly the library data are averaged in the neutron spectrum to form
. The experimental uncertainty has been estimated from the HPGe
easurement statistics, detector calibration and neutron spectrum
ncertainties; these are shown by error bars. The EAF-2010 library
ncertainty for this reaction is shown by the error band.
Fig. 3 gives a C/E comparison of data derived from six sepa-
ate measurements taken at ASP. These data points have error bars
etween 13% and 15% and are compared with those derived from
xperiments at the Frascati Neutron Generator (FNG) facility [13],
he Neutron Source (FNS) facility in Japan [14] and the SNEG facil-
ty in St Petersburg, Russia. In the plot one can see that most of the
ata points lie within the EAF-2010 evaluation uncertainty band.
he ASP data for this reaction suggests good repeatability over the
xperiments, which were taken from two experimental campaigns
eparated by several weeks.
C/E plots are used in conjunction with differential data in the
valuation process which result in improvements in subsequent
ibrary releases. Fig. 4 shows differential cross section data for the
86W(n,2n)185mW reaction. The curve shows the evaluation used in
he EAF-2010 library, which is compared to differential measure-
ents taken at different neutron energies. The broken curves give
he uncertainty associated with the evaluated curve.
.2. C/E values for range of experiments
Whilst it is not possible to present all measurements in detail
ere, a range of C/E values are shown in Fig. 5. These are plotted
gainst the atomic mass of the reaction product to show the range
f measurements taken in the two campaigns. The C/E values have
een distinguished by reaction type. In total 73 C/E values from
8 separate reaction types from Zn, Au, W,  Zr, Sn, Ag, Nb, Y, TiFig. 4. Differential cross section of the 186W(n,2n)185mW reaction (from EAF-2010)
and associated uncertainty band.
and Mo target foils are shown. Some groups of measurements are
highlighted in the ﬁgure: (1) the 186W(n,2n)185mW reaction, which
were discussed earlier in the paper; (2) 90Zr(n,2n)89mZr; and (3)
measurement for the 46Ti(n,p)46mSc reactions, for which there were
no previous integral cross section measurements. The group of
measurements for 64Zn(n,2n)63Zn reactions display a fairly large
scatter of C/E values. The relatively long half-life of 63Zn (38.4 min),
compared with the measurement time, combined with the fairly
weak gamma  emission probability at 669.7 keV (0.0848), suggest
that these measurements would have beneﬁted from a longer spec-
trum acquisition period, a larger mass target foil and/or a higher
ﬂuence irradiation. It should be noted that the focus of these exper-
iments was to measure short half-life products and that further
optimisation of experimental method is necessary for future exper-
imental campaigns to measure longer lived products.
Ongoing work to further improve the estimate of the ASP facility
spectrum using neutron spectrometry and unfolding techniques
is to be reported in conjunction with this work and may  help to
further improve C/E assessments in the future.
The availability of a single HPGe detector at the ASP facility
meant that each irradiation – measurement experiment has beenAtomic Mass (A)
Fig. 5. C/E values plotted against the atomic mass of the measured reaction product
for a range of experiments. Values have been distinguished by reaction type.
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he expectation that longer-lived measurements will be conducted
ver a longer period at a later date. Most of the reactions shown
n Fig. 5 were derived from the measurement of short-lived reac-
ion products, ranging from the 7.47 s half-life associated with
he 197mAu reaction product to the 10.15 day half-life associated
ith the 92mNb reaction product. Several of the long-lived reac-
ion products of interest were evident in the measured spectra,
ut many were deemed to have not been measured with adequate
ounting statistics, so are not presented here (as discussed earlier,
nly the64Zn(n,2n)63mZn measurements are presented to highlight
his). It is expected that the measurement of gamma  emissions from
ome longer-lived reaction products produced in activated foils
ill be measured at a later date at the CCFE radiological metrology
ab.
. Conclusions and future work
This work presents new integral data measured recently at the
SP 14 MeV  neutron irradiation facility at Aldermaston in the UK.
uch experiments are needed to contribute to the pool of exper-
mental data to support activation data libraries, including those
sed in EASY-II(12), a functional replacement and enhancement to
revious European Activation System releases.
A selection of results from the two most recent experimen-
al campaigns at ASP are presented, which include details of
he experimental method, example measurements and status of
ost-processing tools that have been developed. The approach is
llustrated for the 186W(n,2n)185mW reaction.
A range of C/E values were derived from the measurements that
ere taken, using the post-processing tools that were developed.
[
[
[nd Design 88 (2013) 2617– 2620
These values are presented and include new integral measurements
for the 46Ti(n,p)46mSc reaction.
The measurements of some longer-lived reaction products from
these experiments are planned to be conducted at the CCFE radio-
logical metrology lab, which is expected to be operational in the
near future.
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